Abstract. Multiscale designs greatly simplify the large-scale optics needed to realize the resolution of a large aperture. Unlike most monolithic lens systems, multiscale cameras have interdependencies between the optics at various scales. To realize a successful multiscale design, the relationships between microcamera scale and overall camera scale parameters must be understood. Starting with a specification of the multiscale camera, we present a simplified model that allows paraxial optical quantities to be estimated. Based on these quantities, a monocentric objective and a microcamera can be designed. An example of a practical design using spherical glass optics is presented.
Introduction
Few cameras simultaneously achieve both a high angular resolution and a large field-of-view (FOV) sufficient to capture billions of pixels. As the desired resolution increases so must the entrance aperture size and the physical size of the optical system. As the optical path difference error scales with the optical system size, more optical elements are usually required to reduce these errors down to the fraction of the wavelength required to achieve the diffraction limit. As the magnitudes of off-axis aberrations scale rapidly in the size of the field, the aberrations of larger fields are increasingly difficult to control. Because both higher resolution and larger FOV contribute to optical system complexity, gigapixel imagers have only been employed where the effort has been justified, such as astrophotography [1] [2] [3] or aerial surveillance. 4 A simplified and more modular architecture could bring the cost of gigapixel photography down and therefore increase its availability. Monocentric 5 multiscale cameras 6 are one such proposal that divides the task of imaging into two stages: an objective and many microcameras. An exploration 7 of the configurations of monocentric multiscale cameras, including their paraxial design quantities, and an illustrative practical example is a helpful reference. A computer drawing of one such camera, the AWARE 2 camera, is shown in Fig. 1 . The objective lens (purple element in the drawing) forms an image of the entire FOV on a spherical surface, which corrects for most of the aberrations. Each microcamera (green cylinders in the drawing) relays a portion of the image to its respective sensor, correcting the residual aberrations in the process to form a high-quality image. At the heart of the monocentric multiscale camera capable of imaging a wide-field at high resolution is a monocentric objective. This objective consists of spherical elements with a common center of curvature. Except for vignetting at the edges of the elements, ray paths through a monocentric lens remain completely symmetric with field angle. Therefore monocentric lenses have no off-axis aberrations, lacking an optical axis altogether, and the FOV is limited only by vignetting. The only aberrations possible with a monocentric lens are spherical aberrations, axial chromatic aberrations, and combinations of these such as spherochromatism. Because the aberrations themselves are symmetric with field angle, the same microcamera may be used at all angles with respect to the objective.
Unlike a monolithic multiscale lens, the monocentric lens could be as simple as a polished sphere of glass but in practice is at least two layers so that chromatic and spherical aberrations can be largely corrected. While the large monolithic optic has been greatly simplified, multiscale designs require an array of microcameras. This may appear to trade a hard problem for an even harder one, but most gigapixel cameras must use sensor arrays fabricated from megapixel-sized sensors. By building an array of microcameras rather than just an array of sensors, many advantages may be realized. Gaps can be eliminated in the field because the fields of view of microcameras can overlap. Each microcamera may be designed to be independently focused. Microcameras may be placed into a frame to allow them to conform to highly curved image surfaces 8 such as those formed by a monocentric objective. The microcamera arrays can be viewed as synthetic focal planes, 9 with the optical system linking the fields of microcameras into a highly modular and fault-tolerant array akin to the microprocessor and network fabrics that constitute supercomputers. Parallelization and modularity, which have revolutionized supercomputer design, seem poised to influence optical design as well. These arrays may be contrasted to lens arrays, [10] [11] [12] which form separate images without an objective lens.
In this work we seek to elucidate the design principles of monocentric multiscale cameras. These relationships are derived from basic geometrical optics, and we clarify additional issues that arise from the fact that the two optical systems, the objective and the microcameras, are coupled. We further describe optomechanical challenges arising from the requirement that the microcameras must be packed together tightly and have overlapping fields of view. The methodology should hopefully enable a streamlined design process for these types of systems. In Sec. 2, we outline the design specifications of the system.
Specification of a Monocentric Multiscale
Camera Typical specifications for an imaging system include:
1. Field-of-view (FOV) (degrees or radians). 2. Instantaneous field-of-view (IFOV) (degrees or radians), the angle in the field subtended by a pixel. 3. Image quality, such as a target modulation transfer function (MTF) at the sensor Nyquist frequency or some fraction thereof. 4. Wavelengths range (e.g., 450 to 650 nm for visible wavelengths). 5. Image space f∕# on the microcamera. 6. Focus range (e.g., 10 m to infinity). 7. Distortion A distortion specification may be desirable, but is typically not important for computational imaging as it can be compensated for numerically.
From these, other important quantities may be determined, such as the effective entrance pupil size of the system. As the paraxial stop is typically placed in the microcamera, the image space f∕# of the objective can be considered as measured based on the image of the microcamera stop in the space of the objective intermediate image. In addition to these, a number of specifications should be defined in multiscale cameras not found on monolithic cameras:
1. Field-of-view of an individual microcamera (MFOV, degrees or radians) The microcameras each capture a small portion of the overall FOV of the camera. More microcameras are required to sample the field as the MFOV is reduced compared to the FOV. 2. Minimum permissible overlap between microcameras.
As the total field is stitched from many constituent microcamera fields, the edges of the fields must be shared to some extent between adjacent microcameras to ensure that a contiguous field can be stitched, robust against errors in field positions. These errors arise from transverse shifts of the image on sensors due to tilt and translation of the microcamera as well as the optics in the microcamera. This is specified in terms of the angular field of overlap between the microcameras along the direction joining the optical axes of the cameras. 3. Physical cone-angle of the optics. As optical components are material objects, these may not occupy the same space, and therefore two microcameras placed side-by-side only partially share their imaged fields. If the microcamera optics or their mounting hardware are too large or bulky, the fields of the microcamera may have poor overlap as the microcamera optical axes are too far apart even when they are placed as close as possible. The "cone-angle" of a microcamera, a crucial design quantity, is the vertex angle of the minimum size cone needed to contain the microcamera optics with its vertex at the center of curvature of the objective image surface. This must typically be 30% to 50% smaller than the MFOV to achieve sufficient overlap to prevent gaps in microcamera fields. 4. Magnification. The microcamera is a relay optic that reduces the size of the objective field onto the sensor. This reduction is to allow for area on the sensor to capture overlapping fields, as well as to leave space around the formed image for hardware such as the sensor package, the optics barrel, and sensor package bulk. The magnification of a microcamera is typically about 0.4 to 0.6 and is most strongly dependent on the sensor area and pixel size. As a result, the image space f∕# of the microcamera is typically about half of that in the object space. 5. Image-side telecentricity. Each microcamera should be designed to have an individual focus. In order to achieve this goal, it is advantageous to specify that the cone of rays incident on the sensor for off-axis field points be perpendicular to the sensor to prevent a shift in magnification as a function of focus. Because fields are shared between microcameras in overlap regions, tangential vignetting necessarily occurs and therefore this condition does not necessarily coincide with placing the exit pupil at infinity.
As will be seen in Sec. 5, specifications such as the MFOV and the required physical cone-angle of the optics are dictated by from the choice of sensor used. There is also an influence of mechanical tolerances on the minimum permissible overlap, as looser tolerances in the mounting of the microcamera may require more overlap to ensure gaps in the image do not appear. Furthermore, the magnification may be determined in part by the mechanical interferences between adjacent microcameras, with smaller magnifications being required to allow more space for mechanical parts. These relationships must be balanced in the overall design of the system.
Packing and Overlap of the Microcamera Array
Ensuring that the microcameras can be placed to achieve sufficient overlap between their fields is challenging, especially in the presence of inevitable manufacturing errors. To understand this, consider Fig. 2 . A cone-angle 2θ is defined as the maximum angle subtended by the optics to the center of curvature of the image surface. The thick red lines show the cone that circumscribes the microcamera in this example. In the bottom figure, two microcameras are placed so that their cones are almost touching, the limit of these cones being determined by the large front optic of the microcamera. The small square pointed to by the arrow is the region of overlapping fields simultaneously imaged by both microcameras. If the cone-angle were smaller, the microcameras could be placed closer together, and the angle subtended by the optical axes of the two microcameras to the image surface would be smaller. The overlap region could therefore be increased. Because the diameter of an optic must be decreased (usually the front optic) to decrease the microcamera physical size and therefore the cone-angle, ultimately there is a trade off between the minimum achievable cone-angle size and vignetting. However, the cone-angle must be reduced below a certain size to ensure sufficient overlap. Figure 3 is a diagram of the regions on the sensor surface where overlap may or may not occur. The quantity β is half of the microcamera field-ofview (MFOV). Circles denoting the entire imaged field of radius β (yellow), the circle of the image within the coneangle of radius θ (green), and the circle of the image only formed on the particular sensor of radius γ (blue) are shown. The region outside the green circle, but within a yellow circle of radius β (the semi MFOV) may be overlapped with another camera, but is closer to the center of the other camera. The region inside the green circle is of radius θ, but outside the blue circle may be overlapped with another camera and is closer to the center of this camera. The radius of this circle is the mechanical interference packing limit, so that the green circles of two adjacent microcameras can not overlap. Finally, the image inside the blue circle of radius γ ¼ 2θ − β is only imaged in this camera and no others. It is shown that β must be greater than approximately 1.261θ for no gaps to occur. Vignetting and aberrations of the off-axis microcamera fields prevents β from becoming arbitrarily large, and therefore the cone-angle must also be minimized for satisfactory packing to be achieved.
The microcamera fields are tiled on the spherical focal surface of the objective. As discussed previously, 13, 14 the Platonic solids are the only regular tiling of the sphere. However, the microcameras can be tiled using an icosahedral geodesic pattern with all cameras hexagonally coordinated except for a maximum of 12 pentagonal exceptions corresponding to the original 12 vertices of the parent icosahedron. An icosahedral geodesic packing of microcamera fields is shown in Fig. 4 that covers five adjacent faces of the parent icosahedron, achieving a 120°FOV. A pentagonal exception is required for this arrangement, but tiling smaller areas of the sphere may not require a pentagonal exception. Figure 5 shows an example of seven microcameras in a hexagonal coordination. The dotted circles represent the mechanical packing limit of the microcamera fields, so that two dotted circles may not overlap. There are regions that are imaged by two microcameras, and small regions imaged by three microcameras. A detail of three of these microcameras is shown in Fig. 6 . The point furthest from the center of a microcamera must be imaged by a microcamera at the intersection between three microcamera fields. If the microcameras are placed as close as possible so their optical axes subtend an angle of 2θ to the center of the image surface, then this furthest point is β ¼ θ sec 30°¼ 2θ∕ ffiffi ffi 3 p from the center of the microcamera. Therefore β > 1.1547θ in order to capture this furthest point.
Unfortunately, because the hexagonal tiling of the sphere is not uniform, not all microcameras can be packed as close as is possible in a plane hexagonal lattice. Son et al. 13 showed that the largest spacing between adjacent microcameras is approximately 1.185 times as large as the smallest spacing for a geodesic tiling. When this irregularity is divided between two adjacent microcameras, the minimum β increases to β > ð1 þ ð1.185 − 1Þ∕2Þθ sec 30°¼ 1.261θ. Some other packing arrangements that cover a smaller part of the sphere can achieve a smaller disparity between the largest and smallest adjacent microcamera spacings, and therefore the minimum beta may be decreased correspondingly. In practice, other mechanical errors that produce shifts in the microcamera fields also may decrease overlap, so β should be increased sufficiently to accommodate these assembly tolerances. A practical lower limit for β is β > 1.4θ.
Vignetting and Stops in the Multiscale Camera
There are several apertures in the camera that can limit the ray bundles of particular field points. Some of these apertures are in the objective and others are in the microcamera. The stop that limits the paraxial f∕# of the image formed in a microcamera is located in the microcamera. Tangential vignetting occurs because rays of off-axis fields are split between microcameras. However, this does not necessarily result in lost light in forming the image because the light is distributed among several images. Ideally, rays that enter the front aperture of the microcamera are vignetted only by the paraxial stop. Figure 7 shows the vignetting that occurs in a microcamera. The front lens of the microcamera is offset from the image formed by the objective. The aperture of this lens performs the function of vignetting tangential fields, dividing the rays of these fields between adjacent apertures. This converging lens forms rays nearly parallel to the optical axis and prevent vignetting at other surfaces in the microcamera. Since all of the light could be collected for image formation in the ideal limit, the area of the microcamera front apertures should have few gaps between them. The stop in the microcamera serves two purposes: to limit the f∕# and therefore potential aberrations, and to vignette fields toward the center of a microcamera FOV. This vignetting evens out the illumination of the center and peripheral fields, achieving a more uniform relative illumination. 13,14 icosahedral geodesic packing, representing five faces of the parent icosahedron. Each pill-shaped region represents the portion of the overall camera field covered by a microcamera. Every camera is hexagonally coordinated, except for cameras at the edge of the array and the single pentagonally coordinated camera in the center of the array. An important quantity pertaining to splitting fields between microcamera apertures is the distance between the objective image surface and the microcamera entrance aperture (Fig. 8 ). The entrance aperture should not be placed so far from the objective that vignetting occurs for the onaxis field of the microcamera, because then both illumination and resolution are likely to be sacrificed. If the entrance aperture is placed near the objective image, more converging power is required at the front optic of the microcamera to bend the rays into the microcamera to avoid these rays from being vignetted on the walls of the camera or other surfaces. The focal length of the entrance optic is approximately the distance from the objective image to the entrance aperture, while the diameter of the entrance optic is related to the size of the field that is relayed. As a result, the f∕# of the entrance lens decreases as the lens is moved closer to the objective image surface, potentially introducing aberrations. The best compromise is to place the entrance aperture to not axially vignette, but barely so. This way the vignetting smoothly increases as the edge of the microcamera field is approached, until more of the rays are captured by a neighboring camera and a superior image is formed in that camera. It may be necessary to place the more convex surface of the entrance aperture lens toward the objective to ensure the rays are bent sufficiently inward to not vignette on the edge of the entrance aperture lens.
A pecularity of multiscale design is that each microcamera has its own paraxial stop rather than a single paraxial stop being present; for example, in the objective. This situation is shown in Fig. 9 . When this stop is imaged through the microcamera and objective optics, each has its own entrance pupil. This entrance pupil rotates with the field angle of the microcamera. Microcameras that image parts of the overall camera field near the edge of the overall camera FOV may be subject to further vignetting by element edges in the objective. One should consider that for the microcamera fields 8 If the entrance aperture is placed too far from the objective focus, axial rays are vignetted, which results in a loss of illumination and possibly resolution. If the entrance aperture is too close to the objective focus, the power required to bend the rays into the microcamera is large. Fig. 9 Three stops, shown in red, green, and blue, and their corresponding entrance pupils. Unlike an ordinary monolithic camera with a single stop, each stop is rotated with its respective microcamera. Therefore each microcamera has an entrance pupil, and these entrance pupils do not necessarily coincide.
closest to the FOV edge, the apertures in the objective may vignette rays if the objective FOV is not slightly oversized by the MFOV to accommodate these rays. The diameters of the elements in the objective may be increased to prevent this vignetting. Furthermore, as each microcamera has a separate entrance pupil, each also has a different perspective of the scene, which may become important if the object is close to the camera. Nevertheless, because the entrance pupils rotate with microcamera angle, the angular position of a point object in the FOV is invariant of range, unlike separate cameras imaging parts of an overall field for which the angular position of the point in each camera would vary with range.
A further advantage of the tangential vignetting at the front aperture is that rays incident on the sensor at highly oblique angles are vignetted. These rays instead form images in adjacent microcameras at angles closer to normal incidence. By placing a converging meniscus lens near the sensor as shown in Fig. 10 , the outer fields can be bent inward so that the ray bundles arrive with the center ray of the bundle at normal incidence to the sensor. This is beneficial for imaging on sensors that are designed to have a normal incidence chief ray angle, as well as maintaining a low variation in angular magnification with changes in object distance.
Derivation of the Paraxial Design Quantities
Starting from the specifications given in Sec. 2, one may design a monocentric multiscale camera. As detailed previously, the relative scale of the microcamera to the objective may be varied widely, so that each microcamera may sense from tens of thousands to tens of millions of pixels. Currently, the economics of scaling favors sensors in the 5 to 20 megapixel range, as the sensors and optics at this scale can be mass produced and the number of microcameras in a gigapixelclass camera remains manageable. In this example, a particular sensor is assumed, as the choices for these are typically limited, and a design is based around this choice.
The sensor is assumed to be rectangular with pixel number N V × N H with N H > N V , with individual square pixels of dimension d × d. If the entire image must fall within the short (vertical) dimension of the sensor, then the MFOV ¼ IFOV · N V . Also, the effective focal length EFL ¼ −d∕IFOV. The dimensions of the sensor are dN H × dN V . Given a desired magnification M, the size of the image to be relayed by the microcamera at the objective image is dN H ∕M × dN V ∕M. If no vignetting occurs to the on-axis point, then the f∕# of the image formed by the objective is ðf∕#Þ∕M.
A simplified configuration of the microcamera and objective is shown in Fig. 11 . Ideally, the front apertures of the microcameras should be nearly touching so that as much of the illumination is collected as possible. The front aperture diameter of the microcamera should be approximately the same size dN V ∕M as the size of the field to be relayed. Given the divergence of the rays in the image space of the objective, the front aperture of the microcamera should be located at a distance dN V ðf∕#Þ∕M 2 from the image surface of the objective. If the microcamera consists of two lenses as shown in Fig. 11 , the focal length of the entrance aperture lens would also approximately be f 2 ¼ dN V ðf∕#Þ∕M 2 , and that of the lens near the sensor would be f 3 ¼ dN V ðf∕#Þ∕M. Because the second lens is located at the focus of the first lens, the focal length of the microcamera is given by the focal length of the first microcamera lens f 2 .
The focal length of the overall system is EFL ¼ −f 1 f 3 ∕f 2 with f 1 being the focal length of the objective lens. To achieve the overall focal length EFL ¼ −d∕IFOV, the focal length of the objective is f 1 ¼ EFL∕M ¼ d∕ðIFOV · MÞ. For a sphere lens of radius R of a refractive index n, the focal length is nR∕2ðn − 1Þ. Therefore the radius of the sphere is R ¼ 2ðn − 1Þd∕ ½nðIFOV · MÞ. This provides an estimate of the size of the sphere required to achieve the desired focal length. It may be desirable to use an objective focal length longer than this minimum estimate, because then the microcameras may be placed further from the center of the objective, which allows for more space in between the microcameras to prevent mechanical interferences. One can also use this simplified model to get an estimate of the size and location of stops and the entrance and exit pupil. In this simplified model, the stop and the exit pupil coincide. The stop diameter is f 3 ∕ðf∕#Þ ¼ dN V ∕M, which is the same as the front aperture diameter of the microcamera, which is consistent with the Fig. 10 An example microcamera, with and without vignetting at the front aperture. With vignetting, the rays that would arrive at the sensor off-axis are removed, and the remaining ray bundle arrives normal to the sensor. Without vignetting, it is more difficult to achieve this goal.
Optical Engineering 083202-6 August 2012/Vol. 51 (8) Marks et al.: Engineering a gigapixel monocentric multiscale camera idea that the microcamera is about the same diameter throughout its length. The stop is imaged to a distance of f 1 from the center of the objective on the opposite side of the objective from the microcamera, so that the entrance pupil is located here. The stop size is scaled by a factor of f 1 ∕f 2 so the entrance pupil diameter is d∕ðIFOV · ðf∕#ÞÞ.
As an example design, we consider a design for 40 μrad IFOV, using BK7 glass ball of n ¼ 1.52. We assume that the sensor has a pixel size of d ¼ 2.2 μm and is a 5 megapixel array of 2592 × 1944. The f∕# at the sensor is 2.2, with an image designed for M ¼ 0.5. In this case, the front aperture diameter of the microcamera is 8.56 mm, and the front focal length f 2 ¼ 37:6 mm and the rear focal length f 3 ¼ 18:8 mm. The objective focal length is f 1 ¼ 110 mm, so that the radius of the BK7 lens must be R ¼ 75:3 mm. In practice, a multielement monocentric lens design is used to achieve a longer focal length with elements of a smaller diameter.
Objective Design
For simplicity, we consider the design of a symmetric monocentric lens consisting of a spherical center element and an outer shell. This is sufficient to correct for primary chromatic aberration with the correct choice of inner and outer radii, while maintaining a particular focal length. This lens is described by two radii, an inner radii R 2 and outer radii R 1 , and an inner sphere refractive index n 2 and outer shell refractive index n 1 as shown in Fig. 12 . To find the focal length of this lens, the ABCD matrices 15 of the curved refractive surfaces and medium propagation are multiplied together:
This lens has a focal length f O given by the negative reciprocal of the "C" element of the matrix:
To find the achromatic condition, the focal length is set equal at the C and F spectral lines. If the refractive indices at the C, D, and F spectral lines for the inner sphere is given by the quantities n 1C , n 1D , and n 1F , and the corresponding refractive indices for the outer shells are given by n 2C , n 2D , and n 2F , one finds that
The inner shell Abbe number V 2 ¼ ðn 2D − 1Þ∕ðn 2F − n 2C Þ, and the outer shell Abbe number is
If the approximation is made that n 2 2D ≈ n 2F n 2C and n 2 1D ≈ n 1F n 1C , the achromatic condition is
These simultaneous equations may be solved for R 1 and R 2 for a given focal length and given material choices. Alternately, one may examine the spherical aberration of the lens to minimize it. From, Ref. 16 the equation of angular position θðrÞ for a ray traveling in a spherically symmetric medium is given by the differential equation
Assuming the rays originate as parallel beams from infinity that focus at a distance f O from the origin of the lens, the distance c is the perpendicular distance from the optical axis to the ray. Integrating this equation over the uniform refractive index regions: Fig. 11 A simplified diagram of a multiscale system, including a spherical lens of focal length f 1 , and a microcamera consisting of two lenses of focal length f 2 and f 3 . Fig. 12 Symmetric two-layer monocentric lens. The radii of the inner and outer surfaces are denoted by R 2 and R 1 , respectively, and the index of refraction of the inner and outer elements are n 2 and n 1 , respectively. The image is formed on a spherical surface of radius f O .
The integration bound c∕n 2 is derived from the requirement that there is continuity in the ray path at the point of closest approach of the ray to the origin. We obtain
An ideal lens would have θðcÞ independent of c. It can be verified that the first-order term of the Taylor expansion of θðcÞ is zero; however, a third-order term is present:
Simultaneous equations can be solved for R 1 and R 2 to find the desired focal length f O while maintaining zero thirdorder spherical aberration (θ 3 ¼ 0). Alternately, one can solve for θðcÞ ¼ π for a particular c, with c being half the entrance pupil size or less, to cancel spherical aberration at a particular zone of the entrance pupil. In practice, a good compromise can typically be found between correcting for spherical aberration and chromatic aberration that enables sufficient correction to be achieved by the microcamera.
As an example, we consider a lens consisting of an F2 flint glass outer shell (n 1 ¼ 1.62, V 1 ¼ 36:7) and a BK7 (n 2 ¼ 1.52,V 2 ¼ 64:2) crown glass spherical core with the desired focal length of f O ¼ 110 mm. The radii that achieve an achromatic lens at the C and F lines are R 1 ¼ 64:5 mm and R 2 ¼ 29:9 mm. Alternately, if we solve to minimize third-order aberrations (θ 3 ¼ 0) we obtain R 1 ¼ 62:9 mm and R 2 ¼ 26:4 mm. The two sets of radii are similar, so that a single-lens prescription often suffices to approximately cancel both spherical aberration and chromatic aberrations. Beside being better corrected, this lens is smaller than the solid BK7 lens because higher index glasses have been included.
Microcamera Design
While the objective is sufficiently simple to be designed using analytical methods, this is rarely the case for the microcamera. As was shown, the complexity of the microcamera depends on the scale of the microcamera. Not only is the microcamera subject to constraints on optical parameters and performance such as focal length, magnification, and image quality, but there are physical constraints such as the bulk of the optics and the mechanical housing fitting within the cone-angle. The latter consideration, which requires preventing the vignetting of rays on the edges of the optics or the walls of the containing barrel, can become a dominating factor in the optical design and therefore must be considered carefully.
The microcamera is a relay lens that is confined to a a cross-sectional area comparable with the size of the field being relayed. A similar lens in this respect is an endoscopic relay as shown in Fig. 13 . A rudimentary endoscope would consist of a series of simple lenses, where each lens is placed at the focal point of the last lens. Each lens bends rays to remain along the optical axis, so that the rays remain within the endoscope tube. Similarly, the microcamera is a relay achieving a similar confinement, with the entrance aperture containing a lens to direct the fields into the microcamera tube, and lenses placed to extend the relay length and bring the fields to a focus. Unlike an endoscopic lens, a microcamera typically extends only for a single relay, rather than the several intermediate relay images that might be formed in an endoscope.
One difficult aspect of microcamera design is the correction of the chromatic aberrations of the objective. Even if the objective is achromatically corrected at a pair of wavelengths, the secondary chromatic aberration can produce a significant amount of focal shift. For example, the F2∕ BK7 objective described in Sec. 6 varies its focus by 0.040 mm throughout the 480-to 650-nm wavelengths. This is a substantial focal shift compared to the 0.020-mm Fig. 13 An endoscope and a microcamera. The microcamera is similar to the endoscope, in that each lens is placed at the focal point of the last lens so that it bends the rays to remain along the optical axis.
Fig. 14 Four microcamera designs using plastic aspheric elements from Ref. 17 As the scale of the microcamera grows, so does the number of the elements. For small-scale microcameras, two elements suffice as in the simplified microcamera diagram. However, these elements are split to accommodate the increasing amount of optical path difference error that accumulates relative to the wavelength scale as the microcamera grows. C denote a "crown" plastic Zeonex (Louisville, KY) E48R. F denotes a "flint" plastic polycarbonate. D denotes a diffractive surface.
depth of field in the objective image space for f∕4 imaging, a typical f∕# for the objective image. Furthermore, this is a parabolic rather than linear focal shift with wavelength being a secondary chromatic aberration. As the f∕# of the camera decreases, it is necessary to better correct the secondary chromatic aberrations. Unfortunately, the partial dispersions of refractive materials that comprise the microcamera optics, being similar to those of the objective, are typically not sufficiently different for effective cancellation of the secondary color. Instead, it is often advantageous to use a diffractive surface near the stop of the microcamera to add the needed dispersion to remove the secondary color introduced by the objective. The anomalous partial dispersion of a diffractive surface and its high dispersion enable the chromatic aberrations to be corrected for objectives that image 40 gigapixels or greater.
As detailed previously in Ref. 17 , the economics of mass production of the microcameras often favors molded-plastic aspheric optics. While the process of designing imaging systems with aspheric optics 18 is not within the scope of this work, some details are pertinent regarding these designs in monocentric multiscale cameras. Figure 14 shows a succession of microcameras of different scales, with entrance apertures from 1.5 to 36 mm in size and two to five elements. Table 1 Prescription for a 10-gigapixel glass objective and microcamera using spherical glass optics. Glasses are OHARA (Branchburg, NJ). A Schott "equivalent" for PBM2Y is F2, and S-BSL7 is BK7.
Radius (mm)
Thickness ( As might be expected, as the size of the microcamera grows, so does the number of elements. The two lenses shown in the simplified diagram Fig. 11 suffice as aspheric elements in very small microcameras. These two elements are both split as the microcamera size grows, eventually both becoming achromatic doublets, and a separate meniscus lens is included before the sensor to remove field curvature. Cemented doublets appear to provide better chromatic correction than air-spaced achromats, which if used offsets some of the cost reducing benefits of plastic optics. A diffractive surface, if included, is placed on the surface of the element closest to and facing the stop. It may also be advantageous to place this diffractive surface on its own element, as the chromatic correction can be sensitive to the placement of the diffractive surface along the optical axis.
We have used a design procedure for the aspheric plastic microcameras employing automatic lens design software (e.g., Zemax by Radiant Zemax of Redmond, WA), which is summarized by:
1. Place spherical surface plastic optics with the given first-order properties at the locations given by the first-order model. Whether singlets or achromatic doublets are used depends on the scale of the microcamera. Optimize the performance of the spherical optics plastic microcamera. 2. Add a diffractive surface to the surface of the optic closest to and facing the stop, including perhaps second-and fourth-order phase terms, and reoptimize to better correct chromatic aberrations. Alternatively, add a separate element near the stop with the diffractive element. After this step, one can check the focal-length variation with wavelength to see if the chromatic aberration is reduced. 3. Add even aspheric terms (fourth to eighth order) on the surface of the lens closest to and facing the stop and reoptimize to correct spherical aberrations and other aberrations low order in the field angle. Reoptimize and check the ray fan of the on-axis field for spherical aberration improvement (third-order or cubic variation in the ray fan should be reduced). 4. If a field-flattening meniscus lens is present near the sensor, add fourth-and-sixth order aspheric terms to both surfaces of this lens and reoptimize. This helps to correct field curvature on the sensor. Reoptimize and check for improvement of the curvature of field. 5. Add aspheric terms (fourth to eighth order) to the lens in the entrance aperture. It may only be required to add these to the surface facing the objective. or both airfacing surfaces. Aspheric surfaces embedded in the doublet should be avoided. These aspheric terms aid in removing the field curvature of the objective field, which curves away from the microcamera. After optimization there should be further improvement in the tangential field curvature, which can be difficult to control. 6. One may move the stop position along the axis to adjust vignetting to ensure that rays are not vignetted in the microcamera, only at the entrance aperture, and there is a smooth transition in vignetting between adjacent microcameras. 7. Finally, perform tolerancing analysis to identify the surfaces contributing the most to as-built performance degradation (the "offenders"). Then distribute the power of the offending surfaces to other surfaces in the same element or group. For a singlet or doublet, there is often a ratio that works best between the radii of curvature of the two air-facing surfaces.
Note that all optimization is performed with the objective in the optical prescription, so that the microcamera is optimized Fig. 15 An example monocentric multiscale camera using only spherical glass optics. Top: entire system including objective and microcamera. Bottom: detail of the microcamera. Fig. 16 Modulation transfer function of the example camera, showing both the ideal diffraction limit and the realized resolution. Because offaxis fields are vignetted by design, these may achieve a resolution lower than the on-axis fields but still be diffraction-limited.
specifically for the particular objective it is intended to be used with.
8 Simplified Practical Monocentric Multiscale Camera As an example of a simplified, but practically realizable, example of a monocentric multiscale camera, a design using only spherical glass elements is presented. The prescription for this camera, using OHARA (Branchburg, NJ) glasses is in Table 1 , with the specification of the glasses in Table 2 . An overall picture of the optical design and a detail of the microcamera is in Fig. 15 . This is a design with a IFOVof 29 μrad, a FOV of 120°, and wavelengths from 486 to 656 nm. It is designed to be used with the Aptina (San Jose, CA) MT9F002 sensor, which has 1.4 μm pixels in a 4384× 3288 Pixel array (14 megapixels). Due to the desire to limit the number of microcamera elements, the f∕# is limited to f∕3. It has at least 40% overlap of fields with the neighboring cameras. To ensure a generous amount of space around the sensor's photosensitive area for mechanics and hardware, the magnification is set to M ¼ 0.45. Finally, it is desired that the off-axis ray bundles have normal incidence on the sensor to satisfy the chief ray angle requirement of 0°. Additional requirements for this glass design that are not relevant to this discussion but may of interest are the tolerances. The element placement and surface front-to-back tolerances are held to AE25 μm, the element thickness and longitudinal placement tolerances are held to AE50 μm, the element placement and surface front-to-back tilt tolerances are held to AE0.1°, and the element power is held to within three fringes of error.
Using the analysis of Sec. 5, a few preliminary numbers can be estimated. The effective focal length is −48.3 mm, and the diameter of the microcamera entrance aperture is 11.5 mm. The focal length of the objective is 107.2 mm, which could be implemented by a BK7 sphere of radius 73.4 mm. The offset of the microcamera from the objective image surface is 68.2 mm. Therefore, in the simplified model, the two lenses focal lengths f 2 ¼ 68:2 mm and f 3 ¼ 30:7 mm. Using the analysis of Sec. 6, the two lenses focal lengths f 2 ¼ 68:2 mm and f 3 ¼ 30:7 mm. Using the analysis of Sec. 6, the inner and outer radii of a BK7∕F2 objective to achieve 107.2-mm focal length is R 1 ¼ 62:4 mm and R 2 ¼ 28:7 mm to achromatize the objective. To zero the third-order spherical aberration, R 1 ¼ 61:3 mm and R 2 ¼ 25:7 The objective is slightly oversized to decrease the IFOV by using R 1 ¼ 64:8 mm and R 2 ¼ 29:2 mm, the values of which are determined using raytrace optimization of a spot radius merit function, achieving a 111.990-mm focal length. The predicted microcamera FOV is 5.46°.
There is general agreement between the simplified model and this design. The objective is almost identical with that predicted by theory. The offset from the objective image surface and the microcamera front surface is 52.2 mm, which is somewhat smaller than the predicted 68.2 mm. The smaller offset retains somewhat more of the illumination off-axis, reducing vignetting. The diameter of the entrance aperture S-LAL8 lens, which determines the diameter of the microcamera, is 10.4 mm, similar to the predicted 11.5 mm, but slightly decreased because the lens is closer to the center of the objective. As this is the design shown in Fig. 10 , the ray bundles do arrive at near normal incidence to the sensor, with approximately 4°deviation. The microcamera FOV is 5.44°i n the short dimension, which is slightly less than designed.
The nominal performance of the design can be evaluated using the modulation transfer function (MTF) of Fig. 16 and the spot diagrams of Fig. 17 . The modulation transfer function shows nearly diffraction-limited performance for all fields out to 2.6°off-axis. The Nyquist sampling resolution of the sensor is 357 cycles∕mm. Because of tangential vignetting of off-axis fields, the diffraction-limited MTF is less off-axis than on-axis. This is a consequence of splitting the fields between apertures. The diffraction-limited performance is confirmed in the spot diagrams. The rays traced for each field fall near the diffraction-limited ellipse determined by the extent of the unvignetted ray bundle. This design has significant tangential field curvature. However, this is mitigated by the tangential vignetting. Figure 18 is a graph of the fraction of unvignetted rays as a function of field angle. To understand how images are formed of the same field in adjacent microcameras, observe that the vignetting slowly increases as the field angle increases. As the field angle increases to beyond the coneangle, which for this design is θ ¼ 1.8°(limited by the entrance aperture mechanical interference), fields increasingly overlap the entrance apertures of neighboring microcameras. As the field angle exceeds a critical angle between the cone-angle θ and the half-field angle β ¼ 2.6°, more of the rays enter the neighboring camera. This critical angle is half the angle that the two adjacent microcamera axes subtend to the objective center, which must exceed θ to avoid mechanical interference.
One notable aspect of this design is that an element (noted in the prescription of Table 1 ) may be translated to refocus the microcamera between a range of 30 m and infinity, which requires a motional move of 1.14 mm. Unlike monolithic cameras that have a uniform focus over the entire field, each microcamera in the array may be focused to a different range. This feature may be indispensable for imaging over wide fields, when many objects in the FOV may need to be imaged and tracked simultaneously at different depths.
Conclusion
Monocentric multiscale designs provide a means of realizing high-resolution, wide-aperture cameras ranging from 0.1 to 50 gigapixels. By sharing a single large but simplified objective between many smaller microcameras, a much smaller weight and volume is achieved compared with covering the same FOV with an array of telescopes, each with a comparable FOV to a microcamera. Arrays of microcameras create a synthetic focal plane that conforms to the curved objective image surface, can correct aberrations, and is highly flexible and modular. The identical microcameras of a monocentric, multiscale design are easy to interchange and replace by insertion of a camera into the array, so that the imaging array is fault-tolerant.
While the large monocentric elements of the proposed objective are challenging to fabricate, cement, and mount, objectives of this very design have been completed to become a component of the DARPA AWARE Wide-Field 10 gigapixel-class camera. Figure 19 is a photograph of one of the five completed objectives before the mounting ring is attached. These objectives cover up to a 120°FOV and will be used in a 25-μrad IFOV camera with plastic element microcameras. The glass camera prescription above may be fabricated as an independent benchmark to compare with the plastic optics. A spherical glass element microcamera design has already been fabricated and tested successfully for the earlier DARPA AWARE Wide-Field 2-gigapixel-class camera.
The engineering challenges of multiscale cameras are significantly multifaceted, achieving the desired optical performance, mechanical packing requirements and focus motions, satisfactory image registration and formation, electronics engineering for very high pixel count data streams, among others. This work puts into perspective one aspect of this; namely the optics and the interdependencies among the objective and microcamera scales. This analysis provides a departure for further designs of multiscale optics, especially those with nonuniform microcamera arrays or Fig. 18 A vignetting plot of the example camera. The fields that are near the optical axis are not vignetted. As the field angle increases, the entrance aperture vignettes rays. As the ray bundle crosses the boundary between the entrance aperture of this camera and its neighbor, which occurs between the cone-angle θ ¼ 1.8°and the maximum imaged angle β ¼ 2.6°, the neighboring camera captures more of the rays in the bundle and produces a better image. nonmonocentric objectives that may provide additional flexibility and diversity not possible in a monolithic camera.
